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Abstract
The influence of hypertension on low-density lipoproteins intake into the arterial wall
is an important factor for understanding mechanisms of atherosclerosis. It has been
experimentally observed that the increased pressure leads to the higher level of the LDL
inside the wall. In this paper we attempt to construct a model of the LDL transport
which reproduces quantitatively experimental outcomes. We supplement the well known
four-layer arterial wall model to include two pressure induced effects: the compression
of the intima tissue and the increase of the fraction of leaky junctions. We demonstrate
that such model can reach the very good agreement with experimental data.
Keywords: Hypertension, Low Density Lipoprotein, Atherosclerosis, Computational
Fluid Dynamics, Four-layer model of the arterial wall
1. Introduction
Cardiovascular diseases are among the most serious problems of the modern civiliza-
tion. It has been estimated that in developed societies more than the half of all deaths
ascertained every year is caused by atherosclerosis [1, 2, 3]. Unfortunately, the pathogen-
esis of this disease is still not fully understood. However, it is generally accepted that the
development of atherosclerotic plaque is associated with low-density lipoproteins (LDL),
which are responsible for the distribution of cholesterol and triacylglycerides among the
body cells [4]. According to the widely conducted research, it is commonly accepted that
atherosclerotic lesions are preceded by the abnormally high concentration of the LDL
in the intima [5, 6, 7, 8]. Moreover, the experimental, epidemiological, and postmortem
studies have revealed that development of this disease is enhanced by the hypertension
and low or oscillatory wall shear stress (WSS) [5, 8, 9, 10]. Investigation of mecha-
nisms of the LDL macromolecules transport in the arterial wall affected by these factors
is therefore a very important step leading toward the understanding of atherosclerosis
pathogenesis.
It has been experimentally observed that the hypertension causes the increase in the
relative LDL concentration in the arterial wall [5, 8]. It used to be qualitatively explained
by the enhanced endothelium permeability and increased water filtration through the wall
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[11, 12]. Moreover, it has been reported that the mechanical compression of the intima
under increased pressure could be an important factor [13].
The LDL transport has also been extensively subjected to theoretical modeling [14,
15, 16, 17, 18, 19]. In several studies the impact of the pressure on the LDL transport
was investigated [17, 20, 21]. In general, since models are based on the filtration process,
they all include the increased water filtration due to the hypertension. However, for high
pressure this effect alone predicts much smaller LDL concentration inside the vessel wall
(see for example in [20, 22]) than observed experimentally [8, 11]. It suggests that other
pressure induced effects should be included in the LDL transport models. We propose to
supplement these models by mechanical compression of the intima and pressure induced
changes in endothelium structure.
The compression of intima has been extensively studied in [13] and thus we calculate
the thickness of the compressed intima using data from that work. This effect has been
already taken into account in theoretical study by Dabagh et al. in [17] and Liu et al. in
[21]. The impact of the transmural pressure on the endothelial fraction of leaky junctions
is, according to the best of authors’ knowledge, not directly known and there are different
values used in the literature [17, 21, 23]. Moreover, Dabagh et al. in [17] suggested that
endothelium reacts to the elevated pressure with some delay. It means that the fraction
of leaky junctions increases in the first hour of experiment under hypertension.
In this paper we introduce LDL transport model, which takes into account all three
mentioned effects of the elevated transmural pressure: increase of the filtration velocity,
pressure and time dependent increase of the endothelial fraction of leaky junctions and
the compression of intima. In our model we want to reconstruct biological conditions
and reproduce experimental results as accurate as possible. Because there is no exper-
imental or theoretical quantitative relation between the fraction of leaky junctions and
hypertension, we investigate the dependence of this fraction on the pressure and also
on time of the exposure to hypertension. Based on available experimentally obtained
LDL concentration profiles in the arterial wall, we obtain stationary values of the frac-
tion of leaky junctions for two levels of hypertension (120 mmHg and 160 mmHg) and
the relationship between the fraction of leaky junctions and the time of exposition to
the elevated pressure. In this purpose we fit LDL mean tissue concentration profiles to
available experimental results for different values of pressure and incubation time.
Since we need to perform a large amount of computationally demanding calculations,
we decided to reduce numerical complexity of the model by reduction of its dimension-
ality. The blood vessel is clearly a three-dimensional system. However, processes of
permeation through the vessel wall are dominated by the pressure forced filtration, and
predominantly occur in the radial direction. Hence, the process of LDL transport takes
place essentially in one direction: from the inside of the vessel wall to the outside. Be-
cause of this fact, in this paper we consider one-dimensional model. A comparison of two-
and three-dimensional models with one-dimensional models presented in the literature
confirms legitimacy of this simplification [19, 24, 25, 26].
2. Multi-layer model of the arterial wall
A typical large blood arterial wall has a layered structure, schematically shown in
Figure 1. Going from the lumen, the large artery consists of following six layers: gly-
cocalyx, endothelium, intima, internal elastic lamina (IEL), media and adventitia [20].
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Lumen
Figure 1: The layered structure of the arterial wall.
Such layered structure can induce some important effects and thus it seems reasonable
to include it in computer modeling.
The multi-layer model was first proposed in [18] by Ai and Vafai. It covers four major
arterial wall layers: endothelium, intima, IEL and media, which are treated as homoge-
neous materials with different parameters. In this model the impact of the glycocalyx is
neglected due to its very small thickness and due to the fact that it does not obstruct
the main LDL entries - leaky junctions. Moreover, adventitia is treated as a boundary
condition.
The transport of LDL macromolecules in the layered arterial wall is complex and
multiscale process. In order to obtain a numerically feasible model, we consider an effec-
tive system consisting of two membranes: endothelium and IEL, and two porous layers:
intima and media. Membranes are modeled using filtration theory, where osmosis can be
neglected [18, 20]. Therefore, in our approach all layers can be treated as macroscopically
homogeneous porous media [18, 20]. The LDL transport in each layer is thus mathemat-
ically modeled using volume averaged porous media equations, with Staverman filtration
reflection coefficient:
∇ ⋅ u⃗ = 0, (1)
ρ
i
∂u⃗
∂t
+ µ
Ki
u⃗ = −∇P + µ
i
∇2u⃗, (2)
i
∂c
∂t
+ (1 − σi)u⃗ ⋅ ∇c = Deffi ∇2c − kic, (3)
where u⃗ is the volume averaged filtration velocity of the solvent penetration, P is the
pressure, c is the dimensionless LDL concentration in the fluid phase normalized to the
input (i.e. lumen) concentration, µ is the fluid dynamic viscosity, Ki is the permeability
of the i-th layer, ρ is the fluid density, i is the porosity of the i-th layer, σi is the LDL
reflection coefficient in the i-th layer, Deffi is the LDL effective diffusivity of the i-th layer
and t denotes time. The model assumes first order decay of the LDL with the reaction
rate coefficient ki in the i-th layer. The coefficient ki is equal to 0 everywhere except the
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Figure 2: Randomly distributed leaky cells [24]. (A) A leaky cell is illustrated by the blue circle in the
center of each periodic circular unit of radius ξ, represented by dashed lines. (B) Leaky cell of radius
Rcell with leaky junction of half-width w = 14.3nm.
media layer, where we denote it as k4 = k.
2.1. Endothelium
Endothelium is a membrane in the direct contact with blood. It is the most sensitive
to hemodynamical conditions in the blood vessel, such as a blood pressure or a wall shear
stress. This layer makes the largest contribution to the hydraulic and the mass transfer
resistance in the vessel wall. Therefore, factors causing increase in the amount of pores
and in their effective size have a significant impact on the transport in the entire wall
[14, 24].
Endothelium cells are connected to each other by so called intracellular junctions.
These junctions would normally not allow for any significant passage of LDL molecules,
even through the breaks inside normal junctions, because the wide part of the cleft is
expected to be of the order of LDL molecule size. The average radius of the normal
junction is 5.5nm, which is smaller than the radius of the LDL molecule (rm = 11nm)
[6, 24].
However, intracellular junctions can be leaky. These large, leaky pores of the width
between 20 nm and 40 nm [14, 27] are associated with cells that are in the process of cell
turnover: either cell division (mitosis) or cell death (apoptosis) [6, 28]. They are formed
up due to the weakening of cells junctions during the process of division or sloughing off
cells by healthy neighbors [6]. The number of leaky cells is expressed by the fraction of
leaky junctions defined as a ratio of the leaky cells area to the area of all cells [17]
φ = R2cell
ξ2
, (4)
where Rcell is the radius of endothelial cell (Rcell = 15µm) and ξ is the radius of periodic
circular unit dependent on the number of leaky junctions [29]. It is shown schematically
in Figure 2.
It turns out that processes of apoptosis and mitosis are affected not only by the
wall shear stress, as mentioned previously in [24], but also by the pressure [11, 17, 30].
Therefore, in our model, the hypertension increases the fraction of leaky junctions and
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influences all endothelial transport parameters, which depend on this fraction. Relation-
ships between the fraction of leaky junction φ and transport parameters are described
thoroughly in [24] and summarized below:
1. Endothelial effective diffusion coefficient Deffend :
Deffend(φ) =Dlj =Dlumen(1 − αlj)F (αlj) 4wRcellφ, (5)
where Dlj is the diffusion coefficient in the leaky junction and Dlumen = 2.867 ×
10−11 m2
s
is the diffusion coefficient in free plasma in the lumen. In our calculations
we use the half width of a leaky junction w equal to 14.3nm (see Figure 2). αlj is
the ratio of rm to w:
αlj = rm
w
, (6)
where rm is the radius of the LDL molecule equal to 11nm, (1 − αlj) is called the
partition coefficient and F is the hindrance factor,
F (αlj) = 1 − 1.004αlj + 0.418α3lj − 0.169α5lj . (7)
2. Endothelial permeability Kend:
Kend(φ) =Klj(φ) +Knj , (8)
whereKnj is the normal junction permeability, which is independent on the fraction
of leaky junctions
Knj = 3.09 × 10−15mm2, (9)
Klj is the permeability of leaky junctions dependent on the fraction of leaky junc-
tions φ. It may be determined using formula
Klj = w2
3
4wφ
Rcell
. (10)
3. Endothelial reflection coefficient σend is calculated from the heteroporous model
[31, 32, 33]:
σend = 1 − (1 − σlj)Klj
Kend
, (11)
where σlj is the leaky junctions reflection coefficient given by
σlj = 1 − (1 − 3
2
α2lj + 12α3lj)(1 − 13α2lj). (12)
2.2. Intima
Intima is a cushion layer made of connective tissue, which may contain smooth muscle
cells and few fibroblasts. This layer is relatively easily penetrable by both plasma and
macromolecules [20, 24]. It should be noticed that the abnormally high accumulation of
LDL in the intima is associated with development of the atherosclerosis plague [6].
The thickness of the intima layer in the four-layer models is assumed to be 10µm
[20, 34]. However, this value is different for various animals species and depends on the
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age of the specimen [35]. In this study we refer to the experimental profiles obtained by
Curmi et al. [11] and Meyer et al. [8]. The intima of the rabbit aorta, which was the
object of these experiments, is less than 5µm thick. Thus, in our model we use 5µm
intima in case of physiological pressure ∆P = 70 mmHg. In the hypertension case the
intima thickness is reduced due to the compression effect.
The intima layer consists of proteoglycan and collagen components. Therefore, the
heteroporous fiber matrix model, which takes into account both types of fibers, should
be used to estimate intima transport properties, such as porosity, diffusion, reflection
coefficient and permeability [36, 37]. In the proteoglycan matrix, proteoglycan core
proteins are connected with glycosaminoglycan fibers. They form a long central filament
of hyaluronic. The collagen is much thicker than any of proteoglycan components and
its length per unit volume is much smaller. Therefore, the presence of the collagen is
treated separately from that of the proteoglycan components [17, 29].
According to the fiber matrix model, the porosity of the intima can be calculated as
int = pgcg, (13)
where pg and cg are porosities of the proteoglycan matrix and collagen fibers, respec-
tively. For the physiological pressure we take pg = 0.9568 and cg = 0.8387 as in Dabagh
et al. [17] and Liu et al. [21].
The effective diffusivity of the intima can be obtained from the equation [17]
Deffint =Df exp [−(1 − pg)1/2 (1 + rmr∗ )] , (14)
where rm is the radius of LDL molecule equal to 11nm, r∗ is the effective radius for the
entire proteoglycan matrix, Df is the diffusion coefficient of a solute in free space with
compensation for the presence of the collagen,
Df =Dlumen(cg + pg − 1) exp [−(1 − cg)1/2 (1 + rm
rcg
)] , (15)
where rcg is the radius of the proteoglycan fiber (rcg = 20nm).
The effective radius for the entire proteoglycan matrix is given by the formula
r∗ = [αr2mon + r2cf
α + 1 ]
1/2
, (16)
where rcf is the radius of central filament of hyaluronic acid and it equals 2nm. The
effective monomer radius rmon of the proteoglycan core protein and glycosaminoglycans
fibers is equal to
rmon = [βr2g + r2cp]1/2, (17)
where the proteoglycan core protein radius rcp is equal to 2nm, α and β are ratios of the
total protein core to the central filament length and glycosaminoglycans to total protein
core lengths, respectively. Typical values of α and β should be in the range from 3 to 10
and 5 to 10, respectively. In the present study, we use α = 3, β = 5, as in Dabagh et al.
[17] and Liu et al. [21].
6
The reflection coefficient of the intima is given by [17, 21]
σint = (1 −Φf)2, (18)
where Φf is the partition coefficient
Φf = exp [−(1 − pg)(2rm
r∗ + r2mr∗2 )] (cg + pg − 1) exp [−(1 − cg)1/2 (1 + rmrcg )] . (19)
The hydraulic permeability of the intima has been determined as follows
1
Kint
= 1
Kpg
+ 1
Kcg
. (20)
Particular permeabilities Kpg and Kcg can be calculated by utilizing the Carman-Kozeny
equation [38]
Kpg = r∗23pg
4G(pg)(1 − pg)2 , (21)
Kcg = r2cg3cg
4G(cg)(1 − cg)2 , (22)
where G is the Kozeny constant. For uncharged, randomly oriented cylindrical fibers it
is given by [13, 39, 40]:
G() = 2
3
23(1 − )[2 ln( 1
1−) − 3 + 4(1 − ) − (1 − )2)] + 13 2
3(1 − )[ln( 1
1−) − 1−(1−)21+(1−)2 )] . (23)
2.3. Internal Elastic Lamina
Internal Elastic Lamina (IEL) seems to play a significant role in the LDL accumulation
process. It is a selective permeable membrane constructed of impermeable connective
tissue with fenestral pores. This connective tissue is impermeable for both water and
LDL. Thus, it form a significant barrier for LDL macromolecules [17, 20]. Under certain
conditions, IEL could be a stronger barrier to the LDL transport than endothelium [24].
The LDL accumulation process connected with IEL barrier is highly sensitive to
transport parameters of this layer and therefore, they need to be carefully estimated. In
this paper we calculate IEL transport parameters from the pore theory with cylindrical
pores. We treat IEL as an impermeable layer with fenestral pores of radius d = 0.15µm,
which are uniformly distributed over IEL [17, 27]. Fenestral pores are filled with the
intima matrix [13, 29, 41]. The area fraction of fenestral pores, f = 3.49 × 10−3, is taken
from [17].
The effective diffusion coefficient for IEL, which takes into account the fenestral pore
structure, is given by [42]
DeffIEL =Deffint f [2(1 − αIEL)2 − (1 − αIEL)4] [1 − 2.1αIEL + 2.09α3IEL − 0.95α5IEL] , (24)
where αIEL = rm/d is the ratio between the molecule radius and the radius of pores, and
Deffint is the diffusion coefficient in a medium filling fenestral pores, i.e. intima matrix.
The reflection coefficient can be estimated in a similar way:(1 − σIEL) = (1 − σint)(1 − σf). (25)
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According to [42], the reflection coefficient σf connected with fenestral pores structure
is given by
σf = 16
3
α2IEL − 203 α3IEL + 73α4IEL. (26)
The permeability of IEL is calculated as
KIEL =Kintf. (27)
2.4. Media
Media is the thickest layer considered in our model. It is made up of alternating layers
of smooth muscle cells and elastic connective tissue. In this layer the absorption of LDL
particles on the surface of smooth muscle cells takes place. This reaction is modeled by
the first order decay of LDL, with the reaction rate coefficient k [20, 24, 34, 43]. This
coefficient is different in various models [14, 18, 20, 34, 43] and in our calculations we use
the value k = 3.197 × 10−4 estimated by Prosi et al. in [34].
3. Effect of hypertension
In the model presented here, LDL transport parameters of arterial wall layers depend
on the pressure. We include three pressure induced mechanisms: increased water filtra-
tion through the wall, enhanced endothelium permeability due to the increased mitosis
and apoptosis [11, 12], and mechanical compression of the intima [13].
3.1. Filtration velocity
The filtration velocity can be calculated based on Equations (1 - 3). Nevertheless,
these equations can be simplified. It should be noticed, that since the model is one-
dimensional, for stationary state the filtration velocity is constant in the entire system.
Because the increased pressure causes changes of tissue properties during the initial
incubation time, the filtration is, generally speaking, time dependent. However, the
adjustment of the filtration velocity is much faster process than the relevant timescale
for the LDL transport. Therefore, in our model we assume that adjusting the velocity
in the system is an instantaneous process and in each moment the filtration is given
by Equation 2. Then, using analogy to the Ohm’s law for electrical circuit, pressure
dependent filtration velocity u can be expressed as:
u = ∆P∑4i=1 LiµKi , (28)
where ∆P is the transmural pressure, Li is the i-th layer thickness, µ is the fluid dynamic
viscosity and Ki is the i-th layer permeability.
3.2. Changes in the endothelium
In [23] Wu et al. found that mitosis and apoptosis of endothelial cells increase under
hypertension. Also Bretherton et al. [30] suggested that hypertension in the normally
fed rabbit increases lipoproteins entry into the arterial wall because of the permeability
rather than by a direct effect of filtration process.
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Upon these observations, the fraction of leaky junctions, which in our previous model
[24] was dependent only on the wall shear stress, is supplemented by the pressure and
time dependent term φP
φ (WSS,∆P [mmHg] , t) = φWSS (WSS) + φP (∆P [mmHg] , t) . (29)
Here, we assume that for physiological pressure φP (70 mmHg) = 0.
The quantitative relationship between the pressure and the fraction of leaky junctions
is not described in the literature. In our model we estimate values of φP for two levels of
elevated pressure and the curve of the fraction of leaky junctions versus time of exposition
to increased pressure φ(t). In order to obtain it, we fit our results to experimentally
obtained averaged tissue concentration profiles. We use the least square method with
the φP as a free parameter.
3.3. Intima compression
The other hypertension effect is the intima mechanical compression discussed by
Huang et al. in [13]. Olgac et al. in [44] pointed out that this effect should be taken into
account in calculations of the LDL transport in the arterial wall in the case of elevated
pressure. This effect was considered by Dabagh et al. in [17] and introduced to the
four-layer model by Liu et al. in [21].
Increased transmural pressure compresses the intima and hence changes porosities of
the proteoglycan matrix pg and collagen fibers cg. These porosities are functions of
pressure dependent intima thickness
pg = 1 − 1 − 0pg
cf
, (30)
cg = 1 − 1 − 0cg
cf
, (31)
where 0pg and 0cg are porosities at zero transmural pressure, equal to 0.9866 and 0.95,
respectively [17]. The compression factor cf is defined as the ratio of the intima thickness
at zero luminal pressure L0 to its thickness at given pressure Li: cf = Li/L0. Values of
cf for different pressure levels are adopted from [41]. Changes in porosities influence all
transport parameters of the intima as described in details in the previous section.
4. Experiments
In order to estimate the pressure and time dependent fraction of leaky junctions
φ(∆P, t) we use experimental results provided by Curmi et al. [11] and Meyer et al.
[8]. They performed experiments for LDL transport in the arterial wall under normal
and hypertension cases with transmural pressures equal to 70 mmHg, 120 mmHg (only
Meyer et al.) and 160 mmHg. Moreover, Curmi et al. investigated the LDL transport
under transmural pressure equal to 160 mmHg with several times of exposition to elevated
pressure.
Both mentioned experiments were very similar. The unique procedure of in vitro
preparation allowed to perform experiments with intact rabbit thoracic aorta. Separated
arteries were incubated with the intraluminal solution containing 131I−LDL molecules.
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The transmural distribution of relative concentrations of LDL across the wall was deter-
mined by using a serial frozen sectioning technique. En face 20-µm-thick serial sections
were cut through the whole thickness of the wall, from the endothelium to the adventitia.
It should be mentioned that the first 20-µm-thick section contained endothelium, intima,
IEL and part of the inner media. For each section the radioactive 131I was estimated with
a double counting procedure on a gamma counter. Relative LDL concentration was cal-
culated as counts per minute per unit volume of wet tissue, divided by counts per minute
per unit volume of intraluminal solution. Obtained relative LDL tissue concentrations
form a profile, which can be directly compared with appropriate model results.
To summarize, to obtain the fraction of leaky junctions we use the experiments per-
formed under following conditions:
• under 70 mmHg, 120 mmHg and 160 mmHg with 30 minutes incubation, performed
by Meyer et al.,
• under 160 mmHg with incubation lasting for 15 minutes, 30 minutes, 1 and 2 hours,
performed by Curmi et al.
Curmi et al. showed that results obtained already after 1 hour can be treated as a
stationary state.
5. Mathematical model and parameters
In order to obtain the LDL concentration profile we need to solve the system of three
Equations (1 - 3). Similarly as in [24], we solve transport equations in one dimension.
Therefore, for each layer we solve numerically the one-dimensional PDE:
i
∂c
∂t
=Deffi ∂2c∂x2 − (1 − σi)u ⋅ ∂c∂x − kic (32)
At interfaces between layers the flux continuity condition is applied
[(1 − σi)uc −Deffi ∂c∂x]∣+ = [(1 − σj)uc −Deffj ∂c∂x]∣− , (33)
where + and - denote particles flux at the left and right side of the boundary, respectively.
The filtration velocity is calculated from Equation (28).
Additionally, Dirichlet boundary conditions for c(0) and c(l) were used in computa-
tions (l is the total length of calculation domain). The value of the left boundary c(0) is
taken to be 1. Let us recall that due to the linearity of the transport equation we can use
the relative concentration, where c = 1 is in the lumen [24]. The right boundary condition
c(l) is taken from experimental LDL concentration at the interface between the media
and adventitia [8, 11]. This value is different for various transmural pressures. However,
it has to be stressed that the c(l) value has very small effect on the concentration profile,
since the most of LDL molecules is absorbed in the media layer [20].
Layers of the arterial wall are characterized by several parameters, i.a. layer thickness,
effective diffusivity, reflection coefficient, permeability, viscosity and porosity. Parameters
of endothelium and intima depend on transmural pressure. Moreover, parameters of
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Parameter Endothelium Intima IEL Media
Thickness
L, µm
70mmHg
2.0
5.0
2.0 161.0120mmHg 2.3
160mmHg 2.0
Diffusivity
Deff , mm2/s 70mmHg 4.7 × 10
−12 3.68 × 10−6
1.066 × 10−8 5.0 × 10−8120mmHg 5.82 × 10−11 1.08 × 10−6
160mmHg 1.03 × 10−10 8.263 × 10−7
Reflection
coefficient σ
70mmHg 0.9890 0.7998
0.8051 0.8836120mmHg 0.9064 0.9789
160mmHg 0.8688 0.9876
Permeability
K, mm2
70mmHg 3.22 × 10−15 3.907 × 10−11
1.36 × 10−13 2.0 × 10−12120mmHg 4.7 × 10−15 9.91 × 10−12
160mmHg 5.95 × 10−15 7.72 × 10−12
Porosity 
70mmHg 1.91 × 10−6 0.8025
0.003 0.258120mmHg 2.36 × 10−5 0.5862
160mmHg 4.19 × 10−5 0.5401
Viscosity
0.72 × 10−3
µ, g/(mm ⋅ s)
Table 1: Stationary state parameters of the arterial wall used in calculations.
endothelium depend also on time. Stationary state parameters used in this paper are
summarized in Table 1.
The details of the model implementation as well as the full source code can be found
on Git repository [45].
6. Results
The key parameter for the LDL transport studied in this paper is the transmural
pressure. As we have already mentioned, calculations for three values of transmural
pressure: 70 mmHg, 120 mmHg and 160 mmHg have been performed. It corresponds
to values in experiments conducted by Meyer et al. [8] and Curmi et al. [11]. Those
experiments were performed under physiological WSS, therefore we use WSS = 2.5 in
all our simulations. This value of wall shear stress corresponds to the fraction of leaky
junctions φWSS = 5.0 × 10−4, as in [10, 17].
Since we use experimental results to estimate the fraction of leaky junctions, we have
to pay special attention to compare appropriate quantities with each other. Experiments
and theoretical simulations result in different outcomes. Computational calculations
provide information about the LDL concentration profile in the fluid (plasma). In con-
trast, experiments give the LDL tissue concentration averaged over 20-µm-slices [8, 11].
Therefore, we converted the theoretical fluid concentration into the averaged tissue con-
centration. In the first step we transform the fluid volume into the tissue volume by
multiplying it by the appropriate porosity of the layer. In the second step the tissue
concentration is averaged over 20-µm-slices. Results of each transformation step can be
seen in Figure 3.
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Figure 3: LDL concentration profiles across the arterial wall obtained for transmural pressure equal to
70 mmHg: (a) stationary state and (b) after 30 minutes of incubation. ’Fluid concentration’(−) is the
normalized LDL concentration in the plasma, obtained directly from calculations. ’Tissue concentration’
(--) is the normalized LDL concentration profile in the wet tissue. ’Averaged tissue concentration’ ( )
is the tissue concentration averaged in the 20-µm-slices as in experiments. Results after 30 minutes (b)
are put together with experimental results of Meyer et al. [8] (×). Subsequent layers are marked with
colors: magenta for endothelium, green for intima, blue for IEL and white for media.
This section is divided into four parts. In the first three subsections we present
separately results for each analyzed pressure level. In the last part, LDL concentrations
for all values of pressure are summarized and the impact of each pressure induced effect
is discussed. In all figures presented in this paper concentration profiles in the fluid are
marked by solid lines, concentration profiles in the tissue by dashed lines, averaged tissue
concentrations by dots or triangles, and experimental data by crosses, unless otherwise
noted. We also follow the convention that a marker denotes an average concentration over
a 20-µm-slice on the left from its x-position. Curmi additionally corrected the position
of measurements in order to account for the real slice width, which can be noticed in
plots as deviation from multiplicities of 20µm [11].
6.1. LDL concentration under physiological conditions - 70 mmHg
The physiological condition corresponds to the transmural pressure equal to 70 mmHg.
In this case we can compare our theoretical LDL concentration profiles with experimental
results provided by Meyer et al. [8]. As mentioned before, the experiment was performed
only for 30 minutes. Unfortunately, for 70 mmHg there is no experimental data for
stationary state. Therefore, we compared our theoretical LDL concentration profile with
results obtained by Meyer et al. for 30 minutes incubation. Moreover, we theoretically
calculated the LDL concentration profile for the stationary state. Results are presented
in Figure 3. It can be noticed that stationary state is not reached after only 30 minutes.
The very good agreement between Meyer’s data and non-stationary LDL concentration
profile can be noticed.
6.2. LDL concentration in the arterial wall under 160 mmHg
For the transmural pressure equal to 160 mmHg effects connected with the hyper-
tension become significant. Moreover, in this case there are several experiments which
provide valuable data about LDL profiles for different times of incubation.
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Figure 4: LDL concentration profiles across the arterial wall obtained for transmural pressure equal to
160 mmHg: (a) stationary state, (b) after 30 minutes of incubation, (c) after 5 minutes of incubation.
Fluid concentration with fraction of leaky junction dependent on pressure and time is marked by (−),
averaged tissue concentration with φ dependent on pressure and time is marked by ( ), fluid concentration
with fraction of leaky junction independent on pressure and time is marked by (−) and averaged tissue
concentration with φ independent on pressure and time is marked by (▲). Results are put together with
experimental results of Meyer et al. [8] (×) and Curmi et al [11] (×). Subsequent layers are marked with
colors: magenta for endothelium, green for intima, blue for IEL and white for media. Time dependence
of fraction of leaky junctions φ ( ) is illustrated by the red curve (—) in Panel (d).
As we already mentioned, there is no reasonable information about the fraction of
leaky junctions φ under hypertension. Therefore, first we checked the outcome of cal-
culations with the same value of φ as under physiological conditions, effectively treating
φ as being independent on the transmural pressure. Results are denoted by blue colour
in Figure 4. It can be seen that in this case theoretical results strongly underestimate
experimental values. However, in the case of 5 minutes of incubation this underestima-
tion is smaller than for 30 minutes and for stationary state. This fact suggests that the
fraction of leaky junctions φ in the case of hypertension may depend not only on the
pressure, but also on time of the exposure to high pressure, i.e. duration of incubation.
This confirms Dabagh et al. suggestions from [17].
On the base of this conclusion, we need to find the time dependence of the fraction
of leaky junctions. In order to keep our model as simple as possible, we apply following
iterative procedure. The first assumption is that the φ(t) is a piecewise linear function
of time on intervals (tj , tj+1), where tj ∈ {0 min, 5 min, 30 min, 60 min, 120 min} is
experimentally investigated incubation time. For incubation time equal to 0 we assume
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physiological value φ(0 min) = 5 × 10−4. On the other hand, from Curmi experiments
we know that after one hour the system is already in the stationary state. Thus, the
φ(60 min) and φ(120 min) should be the same. We obtain them by finding the opti-
mal value of φ for which the numerically calculated concentration profile matches the
experimental data. We use the least square method and solve the stationary transport
equation in each iteration step. The remaining two values φ(5 min) and φ(30 min) are
estimated by solving the time dependent transport equation with time dependent coeffi-
cients. First, we solve it for t ∈ (0 min,5 min) and find an optimal linear dependence on
this interval. Having fixed value of φ(5 min), we obtain φ(30 min) in the same way. As
a result we determine the time dependence φ(t), which is presented in Figure 4d.
Concentration profiles obtained numerically with time dependent φ(t) and experi-
mental results are presented in Figure 4a-c. The very good agreement validates our
approach. Let us note, that the rate of endothelial cells apoptosis and mitosis adapts
to the hypertension conditions in first 60 minutes of the exposure. Interestingly, in the
modelling the process of LDL transport in the arterial wall for time independent φ (at
160 mmHg) reaches the stationary state after about 30 minutes, i.e. faster then it was
observed in experiments. Therefore, we conclude that temporal changes in the tissue
structure significantly delay the stabilization of the LDL concentration to about 1 hour.
6.3. LDL concentration in the arterial wall under 120 mmHg
Similarly to the case of physiological pressure, for the transmural pressure equal
to 120 mmHg we have experimental data obtained only after 30 minutes of incubation.
Again, if we assume that the fraction of leaky junctions φ is independent on the pressure,
the theoretical model is not able to reproduce results obtained experimentally, what
can be seen in Figure 5. In this case we assume that qualitatively the dependence
of the fraction of leaky junctions on the incubation time is the same as for the case
with transmural pressure equal to 160 mmHg. Thus, we scale the function φ(t) under
160 mmHg from Figure 4d. The scaling factor is estimated by fitting theoretical data
with 30 minutes incubation time to the experimental data provided by Meyer et al. [8].
Our model predictions for stationary state and for 30 minutes incubation are shown in
Figure 5. In this case we can compare numerical model with experiment only for the
transient concentration profile. The agreement is not as good as under 160 mmHg case,
nevertheless the model predicts correctly the order of magnitude.
6.4. Effect of the hypertension on the LDL concentration in the arterial wall
Experiments performed by Curmi et al. [11] and Meyer et al. [8] predict significant
impact of the pressure on LDL concentration profiles. In Figure 6 we summarized ob-
tained theoretical LDL concentration profiles with fraction of leaky junctions dependent
on the pressure (Figure 6a) and without this effect (Figure 6b). It can be seen that it is
crucial to take into account pressure dependent fraction of leaky junctions. Neglecting
this effect results in underestimation of the LDL concentration by one order of magni-
tude. Effective values of the fraction of leaky junctions in stationary state, estimated
for each value of the transmural pressure are shown in Table 2. It can be noticed that
the fraction of leaky junction is directly proportional to the transmural pressure. Let
us remind that dependence of the fraction of leaky junctions on the pressure level under
hypertension were not so far described in the literature and it is usually assumed to be
in the wide range between 0.001 and 0.04. Our predicted values are within this range.
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Figure 5: Summary of LDL concentration profiles across the arterial wall obtained for transmural pressure
equal to 120 mmHg: (a) stationary state and (b) after 30 minutes of incubation. The fluid concentration
and averaged tissue concentration obtained with pressure dependent fraction of leaky junctions (— )
and without pressure dependent fraction of leaky junctions (—▲) are put together with the experimental
results of Meyer et al. [8] (×). The subsequent layers are marked with colors: magenta for endothelium,
green for intima, blue for IEL and white for media.
Pressure ∆P Fraction of leaky junctions φ
70 mmHg 5 × 10−4
120 mmHg 6.2 × 10−3
160 mmHg 1.1 × 10−2
Table 2: Predicted fraction of leaky junctions φ for different values of pressure (stationary states).
In contrast to the effect of the pressure dependent fraction of leaky junctions, the
role of intima compression is not so dramatic. However, if we neglect this effect, the
agreement with the experiments becomes visibly worse. For transmural pressure equal
to 160 mmHg the experimental averaged tissue concentration profile become slightly flat-
tened in comparison to 70 mmHg. It could be connected with the intima compression
effect, what seems to be confirmed by results obtained with our model presented in Fig-
ure 7. It can be noticed that mechanical compression of the intima causes flattening
of the averaged tissue concentration profile. In Figure 7 we present LDL concentration
profiles calculated with and without compressed intima. In case of uncompressed intima,
the parameters are the same as for the transmural pressure equal to 70 mmHg (Table 1).
The profile with compressed intima is exactly the same as in Figure 4a.
It can be seen that effect of the intima compression on averaged tissue concentration
is mostly indirect. Namely, in individual layers the LDL concentration in fluid is on
similar level in both cases. However, since the compression of the intima decreases its
porosity, one could expect the decrease of the tissue concentration. Indeed, in Figure 7
one can notice this effect.
7. Conclusions
In this paper we studied the influence of the hypertension on the LDL transport in
the layered arterial wall. The problem of the LDL transport in the presence of the hyper-
tension is a complex issue. We propose to use a four-layer model of the LDL transport
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Figure 6: Fluid concentration profiles across the arterial wall in the stationary state under different
pressure conditions: ∆P = 70 mmHg (−), ∆P = 120 mmHg (−), ∆P = 160 mmHg (−): (a) fraction of
leaky junction φ dependent on the ∆P and (b) fraction of leaky junction φ independent on the ∆P .
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Figure 7: Profiles of normalized LDL concentration across the arterial wall obtained with included intima
compression (averaged tissue concentration ( ), fluid concentration (−) and tissue concentration (--)),
and without intima compression (averaged tissue concentration ( ), fluid concentration (−) and tissue
concentration (--)), compared with experimental results of Curmi et al. [11] (×).
supplemented by hypertension effects. The most of parameters of our model have been
calculated based on the physiological structure of the arterial wall. Remaining parame-
ters were taken from the literature [28, 34]. The question was whether this theoretical
model can predict LDL concentration profiles reported in experiments for various levels
of the transmural pressure. We also wanted to find out effects, which can not be neglected
in the hypertension case.
Pressure induced effects reported in the literature are: increased filtration velocity,
mechanical intima compression and increased number of leaky junctions. All those effects
were covered in our model. Conditions of our simulations have been chosen to correspond
as closely as possible to experimental ones. Therefore, we have taken into account both
stationary as well as time dependent LDL transport process under physiological pressure
and in the case of hypertension.
In the first step we test our model on the base of the physiological pressure. The very
good agreement between our model end experimental data confirms its validity.
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Then we performed calculation for the transmural pressure equal to 160 mmHg and
120 mmHg. If the only effect of increased pressure would be the increased water filtration
through the wall, then the discrepancy of LDL concentration level between models and
experiments reaches one order of magnitude. Therefore, in the second step we took into
account two other mentioned effects connected with the hypertension.
The first and dominant one is the change in the endothelium structure. The ele-
vated pressure causes increase in the fraction of leaky junctions φ and hence a higher
permeability of the first layer, as well as increase in macromolecular influx into the wall
[23, 30]. Moreover, the fraction of leaky junctions seems to be dependent on the time of
exposure to the hypertension. Since there is no valid data about values of the fraction
of leaky junctions under hypertension, we estimated the time and pressure dependence
of the fraction of leaky junctions. This estimation allows to reproduce the experimental
LDL concentration profiles for all considered times of incubation, for both 160 mmHg
and 120 mmHg. This is the major finding in our paper: neglecting pressure dependent
changes of fraction of leaky junctions causes significant underestimation of the LDL con-
centration in the arterial wall. This conclusion confirms the suggestions of the Bretherton
et al. from [30] that hypertension in the normal fed rabbit increases lipoprotein entry
into the arterial wall by an effect of vessel wall permeability rather than by a direct effect
of filtration velocity. Moreover, we determined the time dependence of the fraction of
leaky junctions. The time of vessel reaction is longer than 30 minutes. It means that
the impact of the hypertension on the arterial wall is indirect and is connected with the
increase in the mitosis and apoptosis of the endothelial cells. To the best of authors’
knowledge, the dependence of the fraction of leaky junctions on the pressure level and
on the time of exposition to the hypertension have not been quantitatively described in
the literature.
The second effect which have been taken into account is the compression of intima
layer caused by hypertension. This mechanism turned out to have much weaker influence
on the transport process than the other connected with the fraction of leaky junctions.
Nevertheless, taking it into account improves the agreement of the computational aver-
aged tissue concentration with the experiments.
The final conclusion is that proposed model, which takes into account all effects
described in this paper, is consistent with experimental evidence. The model is able
to quantitatively predict increased LDL accumulation in the arterial wall under hyper-
tension. It has to be stressed, however, that the small resolution of the experimental
procedure rather excludes possibility of theprecise and unambiguous validation of the
modelling approach.
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